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ABSTRACT 
Recently, two research groups have reported that the depth 
and/or duration of Slow Wave Sleep (SWS) can be increased by 
playing short sounds with approximately 1 second intervals dur-
ing or prior to SWS. These studies have used sounds with neutral 
or negative valence: sinusoidal I -kHz tones or short pink noise 
bursts. Since music therapy research shows beneficial effects of 
pleasant, natural sounds and music, the sounds in the experiments 
may have been suboptimal. Thus, we aimed at choosing optimal 
sounds such that they could be used in increasing the depth or du-
ration of SWS taking into account both the need of fast rise times, 
short duration, and pleasantness. Here we report results of a lis-
tening test mimicking a sleeping situation in which the subjects 
compared how pleasant, relaxing, and image-evoking they found 
3 natural, short instrument sounds with fast rise times compared 
to a short pink noise burst used in the previous experiments. The 
natural sounds were selected from our previous listening test as 
the most pleasant ones. The results will be used as the basis for 
choosing the optimal sounds for the sleep studies. 
1. INTRODUCTION 
There is some recent evidence that short sounds played during the 
deep sleep can enhance the power in the delta rhythm band of 
the electroencephalogram (EEG) [1, 2, 3]. Importantly, research 
seems to suggest that the stronger delta rhythm observed in the 
EEG during the stimulation with sound resulted in similar benefi-
cial effects on memory and cognition that are observed with natu-
rally occurring strong delta activity during sleep [3], i.e., the rhyth-
mically presented sounds increased the memory recall. Better and 
deeper sleep in general is associated with cognitive and emotional 
benefits. 
When a sound starts and reaches the outer, middle, and fi-
nally the inner ear, a series of neural events takes place. The 
information about the sound, its features and properties, is trans-
ferred to the different nuclei of the auditory system, giving rise 
to well-determined synchronous activity of the neurons in each 
nucleus. The characteristics of the neural activity in the nuclei 
depend on the sound parameters, especially the rise time, attack 
properties, amplitude, and the frequency content of the sound. 
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Specifically, sounds with fast rise times and large amplitudes evoke 
the strongest and most synchronous neural activity. In order for a 
sound to evoke such clear brain activity at the thalamic and corti-
cal level, it must be loud enough, the rise time must be fast enough 
(faster than at least 50 ms, preferably on the order of 5-10 ms), 
the sound should be preceded by a silence or a relatively quiet pe-
riod of at least 200 ms, and the sound itself should contain a large 
selection of audible frequencies. 
The neural activity evoked by sounds is not restricted to the au-
ditory system, but has further-reaching impacts. Several areas of 
the brain receive input on sound-related events. For example, stud-
ies in brain responses to music have shown that large brain areas 
are activated by listening to music, including the areas in the so-
matosensory and motor systems, cerebellum, and large areas of the 
frontal cortex [4]. In addition, listening to sounds with a repetitive 
rhythm or beat, the dopaminergic areas of the brain are activated, 
which in turn alters the physiological status of the individual [5]. 
Dopamine is one of the main candidates of transferring this ef-
fect to the body [6]. It has been proposed that the basal ganglia 
could be an important gateway to such events, since they receive 
information about onsets of sounds and are strongly related to the 
timing of events, movements, etc. Interestingly, basal ganglia may 
also have a role in the process of shifting towards deep sleep and 
the generation of rhythmic activity in the delta range during deep 
sleep stages. 
Since the basal ganglia play such a pivotal role both in tim-
ing the external and internal events like sound and movement, and 
possibly in the shift towards deep sleep and delta generation, they 
may be a candidate for being responsible for the effects of repeti-
tive sound stimulation in enhancing delta activity. 
During sleep, the processing of sounds in the brain differs 
greatly from that occurring during awake state. Several of the typ-
ical cortical event-related potentials (ERPs) are missing or appear 
with a slow latency and smaller or larger amplitude compared to 
awake state. 
Sounds presented during sleep may disturb sleep and may have 
detrimental effects of memory consolidation during sleep. Sleep-
ing in noisy surroundings may result in poor quality sleep and in 
the morning, the individual may feel less refreshed by the sleep 
than after sleeping in quiet conditions. There are, however, exam-
ples of positive effects of sound in the situation of falling asleep. 
In music therapy, for example, soft music may be used to help the 
patients fall asleep. Masking music or white noise is also some-
times used to help the patients fall asleep when sleeping in noisy 
conditions with disturbing noise like conversation. In order for the 
falling asleep to occur optimally and the patients to stay asleep de- 
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spite the sounds, however, the sounds must be of low amplitude 
and subjectively very pleasant. 
In addition to subjective ratings, there exist several measures 
of valence in physiology. For example, the activity of facial mus-
cles is repeatedly found to be associated to valence [7]. Also, heart 
rate and its variability have been associated with valence. These 
signals provide an alternative means to study valence, and may 
be regarded as a more objective window to the valence of sounds 
than subjective ratings. Typically, the subjective ratings and the 
objective measurements are found to be in a good agreement. In 
certain conditions, however, the participants are not conscious of 
their own emotions. This can be achieved by for example pre-
senting an emotional stimulus for a very short time, so that it is 
only processed unconsciously. Even in those cases, however, the 
participants show changes in the physiological signals indicating 
valence, even though the conscious subjective pleasant ratings can-
not be used [8]. 
In our previous listening test [9], we compared the pleasant-
ness of 10 short instrumental sounds with fast rise times. These 
sounds belonged to four instrument families: Western orchestral 
percussions, african percussions (kalimba), marimbas, and vibra-
phones. Those tests, performed in day-light in office surroundings, 
identified 3 most pleasant instrument sounds. Our goal here was 
to choose sounds that are optimal in evoking strong responses in 
the basal ganglia (short, loud, fast rise time, large frequency con-
tent), pleasant, evoking positive images, relaxing, and optimal in 
helping the subjects fall asleep or stay asleep while alone in bed in 
darkness. 
2. LISTENING TEST 
2.1. Subjectcs 
We recruited 6 participants aged 29-59 years to perform the listen-
ing test. All participants had some experience in listening tests: 
some had previously taken part in a few listening tests, and others 
had a lot of experience in judging and comparing sounds at a pro-
fessional level. All participants reported to have normal hearing. 
2.2. Auditory stimulus selection and presentation 
From our previous experiment [9], we chose those three sounds, all 
from different sound families, that received the highest pleasant-
ness ratings in the listening test. We compared these three sounds 
to the pink noise used by Ngo et al in their experiments [2, 3]. Four 
sounds' used in the experiment are described in Table l 
The hearing level of each participant was first tested for each 
of the 4 sounds separately. The presentation of each sound took 
5 minutes. The sounds were presented with 1-s intervals. During 
the first 30 seconds, the sound pressure level was increased slowly 
from 0 dB HL to 20 dB HL. During the next 4 minutes, the sounds 
were presented at 20 dB HL. During the last 30 seconds, the sound 
pressure level was decreased slowly from 20 dB HL to 0 dB HL. 
All four sounds were presented as separate 5-minute trains during 
which the subject was laying comfortably on a bed in darkness but 
not sleeping. This presentation method was chosen to be similar to 
previous studies [1]. After each train of sounds was presented, the 
subjects put on the lights and sat at a desk answering the questions. 
The order of the blocks was randomized across the subjects. 





During the listening, we recorded psychophysiological data by us-
ing facial EMG and ECG.We used 2 bipolar EMG recordings for 
two facial muscles: corrugator supercilii above left eye, tradition-
ally associated with negative valence (fear, anger, sadness) and zy-
gomaticus major at left cheek, traditionally associated with posi-
tive valence (happiness), see Figure 1, [7]. The data was recorded 
via Enobio (Neuroelectrics, Spain) with 500-Hz sampling and of-
fline filtered with 20-Hz highpass filter. The RMS value for each 
block and muscle was calculated for the whole 4-min block. Then 
data was normalized within subject by a subject mean over all 4 
conditions in order to compare individual subject data in group 
level. Finally the facial EMG valence scale was built by subtract-
ing the normalized RMS value of corrugator supercilii from zy-
gomaticus major, and by re-scaling the measure to scale between 
-10 and 10, where positive values indicate positive valence, neg-
ative values negative valence and absolute size of a response is 
comparable between subjects as maximal within subject response 
is scaled to be the same (10 or -10). ECG was recorded with the 
same Enobio equipment with one bipolar lead. R-peaks were de-
tected with Remlogic (Embla, Canada) software and analyzed with 
custom-made Matlab script and the median of R-R interval (RRI) 
was calculated for each subject and block. 
Figure 1: Placing of the facial EMG electrodes. 
The participants were asked to evaluate the sound qualities 
during the stimulation. Our questionnaire included 6 questions for 
3 subscales. Each subscale included two questions; one forward 
and one reversed. Subscales estimated how pleasant, relaxing, and 
image-evoking the sounds were found to be. Answers were given 
in scale of l to 5. 
The differences between means was tested via paired-samples 
t-test. 
3. RESULTS 
The results from the behavioral evaluation, by using a combined 
scale with a sum of all three subscales (see Figure 2), revealed 
that the pink noise burst was rated significantly more pleasurable 
than the Kalimba and Vibrafone sound samples. To test the pos-
sible differences between marimba and pink noise, we took the 
three subscales separately (see Figure 3). The separate evaluation 
revealed a significant difference between the relaxing qualities of 
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African percussion instrument, Ground Note Cl 
Vibraphone Vibraphone, Ground Note C2 
Marimba 
	
Marimba, Ground Note CI 
Pink Noise No Ground Note 
Table 1: Description of auditory stimuliset 
The results from the facial EMG electrode signals didn't re-
veal significant difference, which is most probably due to a small 
sample size and a large inter-individual variance in the signals. Vi-
sual inspection (see Figure 4) revealed that the ratings of the 3 in-
strument sounds and the EMG signals recorded during the presen-
tation of the same sounds showed a high degree of concordance: 
high pleasantness ratings were associated with positive EMG va-
lences. In contrast, however, the EMG results of the pink noise 
suggested a clearly negative valence, even though the behavioural 
ratings were highly positive. 
No significant differences were found in the heart rate mea-
surements between RRI medians recorded while the participants 
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Figure 2: Sum scale (all three subscales summed) of questionnaire 
for all the sound samples. Significant mean differences (p<0.05) 
are marked in the figure. 
4. DISCUSSION 
Pleasantness ratings are highly subjective experiences. External 
situations like room lighting may also have effects on the experi-
ence. We wanted to bring the listening situation as close to the 
final use of the sounds as possible. 
It is important that the sounds used for the attempt to increase 
the depth and/or duration of slow wave sleep are pleasant. This is 
especially true if the person wakes up at night with the sounds on. 
The sounds should evoke positive associations and images in dark-
ness. For this reason, it is good if the person has chosen the sound 









Marimba 	 Pink noise 
Figure 3: Behavioural subscales for the marimba and pink noise 
sound samples. Significant mean differences (p<0.05) are marked 
in the figure. 
gated the pleasantness ratings during a situation which resembled 
a natural sleeping situation. 
Our goal was to choose sounds that are optimal in evoking 
strong responses in the basal ganglia (short, fast rise time), but 
also pleasant. In addition, we wanted to compare the sound used 
by Ngo et al in their successful studies [2, 3]. We expected to find 
the instrument sounds to be rated more positively than the pink 
noise. In the subjective ratings, however, the pink noise was found 
to be most pleasant and relaxing. The subjective ratings of the 
pink noise were surprisingly high, especially when compared to 
the instrument sounds. 
Interestingly, however, we found that the physiological objec-
tive measures recorded from facial muscles revealed a different re-
sult than the subjective ratings. Within the category of 3 instrument 
sounds, the valence ratings from the subjective ratings and the fa-
cial muscles were in good agreement, but the results for the pink 
noise were contradictory. While the pink noise was subjectively 
rated as the most pleasant and relaxing of all 4 sounds, the phys- 
ir Sum scale 
* p<0.05 	Figure 4: Normalized valence scale of facial EMG data (for de- 
tails see section Methods) and standard errors for all sound sam-
ples. Positive values indicate positive valence and negative values 
negative valence. 
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Figure 5: Group mean of median RRI and standard errors in mil-
liseconds for all sound samples recorded during the 4-minute pe-
riod while listening to the sounds. 
iological signals showed strongest negative valence for the pink 
noise. 
The discrepancy between the subjective and objective mea-
surements is an interesting one. The good agreement in the instru-
ment category reveals a typical result in which high pleasantness 
is correlated to high activity of zygomaticus major and low ac-
tivity of corrugator supercilii as found in several previous studies 
[7]. The contradiction across the two categories, i.e., instrument 
sounds vs noise burst, may reflect differential processing modes 
in the categories in either the subjective ratings or in the objective 
measures. 
These findings, especially the contradiction between the sub-
jective ratings and the physiology, are difficult to explain.. Some 
researchers, however, have found similar disagreements between 
subjective evaluations of emotions, voluntarily imagined emo-
tions, and facial muscle activity, especially in male participants 
[10]. In addition, within-participant variance in the agreement may 
be larger in male participants [10]. To overcome the question of 
within-participant variance, a larger number of sounds and more 
repetitions would be needed. In addition, for statistical investiga-
tions, more participants would be required. 
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